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Background: Cervical compressive myelopathy (CCM) is caused by chronic spinal cord compression due to
spondylosis, a degenerative disc disease, and ossification of the ligaments. Tip-toe walking Yoshimura (twy) mice are
reported to be an ideal animal model for CCM-related neuronal dysfunction, because they develop spontaneous
spinal cord compression without any artificial manipulation. Previous histological studies showed that neurons are
lost due to apoptosis in CCM, but the mechanism underlying this neurodegeneration was not fully elucidated. The
purpose of this study was to investigate the pathophysiology of CCM by evaluating the global gene expression of
the compressed spinal cord and comparing the transcriptome analysis with the physical and histological findings in
twy mice.
Methods: Twenty-week-old twy mice were divided into two groups according to the magnetic resonance imaging
(MRI) findings: a severe compression (S) group and a mild compression (M) group. The transcriptome was analyzed
by microarray and RT-PCR. The cellular pathophysiology was examined by immunohistological analysis and
immuno-electron microscopy. Motor function was assessed by Rotarod treadmill latency and stride-length tests.
Results: Severe cervical calcification caused spinal canal stenosis and low functional capacity in twy mice. The
microarray analysis revealed 215 genes that showed significantly different expression levels between the S and the M
groups. Pathway analysis revealed that genes expressed at higher levels in the S group were enriched for terms related
to the regulation of inflammation in the compressed spinal cord. M1 macrophage-dominant inflammation was present
in the S group, and cysteine-rich protein 61 (Cyr61), an inducer of M1 macrophages, was markedly upregulated in these
spinal cords. Furthermore, C1q, which initiates the classical complement cascade, was more upregulated in the S group
than in the M group. The confocal and electron microscopy observations indicated that classically activated microglia/
macrophages had migrated to the compressed spinal cord and eliminated synaptic terminals.
Conclusions: We revealed the detailed pathophysiology of the inflammatory response in an animal model of chronic
spinal cord compression. Our findings suggest that complement-mediated synapse elimination is a central mechanism
underlying the neurodegeneration in CCM.
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Cervical compressive myelopathy (CCM) is caused by
chronic spinal cord compression due to spondylosis, a
degenerative disease of the cervical discs, and ossification
of the posterior longitudinal ligaments or yellow ligaments
[1,2]. The symptoms appear mainly in the elderly, and
include slowly progressive clumsiness and paresthesia in
the hands, gait disturbance, and tetraplegia. Human histo-
logical studies revealed degeneration of the anterior horns,
cavity formation, and demyelination in the severely com-
pressed spinal cord [3,4]. Reports on the surgical out-
comes of these patients demonstrate that increased spinal
cord stenosis is associated with a worse postoperative
recovery [5,6]. Although severe spinal cord compression is
known to cause irreversible neurological damage, it is
unclear how these pathological changes occur.
Tip-toe walking Yoshimura (twy) mice, which develop
progressive spinal cord dysfunction secondary to extra-
dural calcified deposits at the C2/3 ligaments, are re-
ported to be a good in vivo model for the pathological
changes related to CCM [7-9]. Because this mouse de-
velops spinal cord compression spontaneously, there are
individual differences in the severity of spinal cord com-
pression [10]. Previous histological studies have shown
that neurons are lost due to apoptosis in twy mice
[11-13], but the exact mechanism of the neurodegenera-
tion has not been fully elucidated. The purpose of this
study was to investigate the pathophysiology of CCM by
evaluating the global gene expression of the compressed
spinal cord and comparing the transcriptome analysis
with physical and histological findings in twy mice.
Methods
Animal model
The twy mice were obtained from a breeding colony of
the Central Institute for Experimental Animals (Kawasaki,
Japan). The mutant twy mice were maintained by brother-
sister matings of heterozygotes at the Central Research
Institute [11,14]. The twy mice harbor an autosomal
recessive mutation in the nucleotide pyrophosphatase
(NPPS) gene [7]. The mice were housed in groups under a
12-hour light/dark cycle, with access to food and water ad
libitum. All experiments were performed in accordance
with the Guidelines for the Care and Use of Laboratory
Animals of Keio University School of Medicine and the
Central Institute for Experimental Animals.
Magnetic resonance imaging
Magnetic resonance imaging (MRI) was performed on the
mice at 6, 15, and 20 weeks of age using a 7.0-Tesla magnet
(BioSpec 70/16; Bruker BioSpin, Ettlingen, Germany) with a
cryogenic quadrature RF surface probe (CryoProbe;
Bruker BioSpin AG, Fällanden, Switzerland) to improve
the sensitivity [15-18]. The MRI was performed undergeneral anesthesia induced by the intramuscular injec-
tion of ketamine (50 mg/kg; Sankyo, Tokyo, Japan) and
xylazine (5 mg/kg; Bayer, Leverkusen, Germany) and
maintained by isoflurane (Foren; Abbott, Tokyo, Japan).
The animal’s pulse, arterial oxygen saturation, and rectal
temperature were monitored during the MRI. The scan-
ning parameters were as follows: Saggital T2-weighted
images (RARE, eTE/TR: 37.5/2000 ms), axial T2-weighted
images (RARE, eTE/TR: 21.5 ms/1200 ms). To examine
the extent of spinal cord compression due to extradural
calcified deposits, the transverse areas of the calcification
and spinal canal were measured on the axial T2-weighted
images of the twy mice, and the canal stenosis ratio was
calculated as reported previously [10].
Behavioral analyses
The motor function of 20-week-old twy mice was evalu-
ated using a Rotarod treadmill apparatus (Muromachi
Kikai Co., Ltd., Tokyo, Japan) and the DigiGait Image
Analysis System (Mouse Specifiics, Quincy, MA, USA). In
the Rotarod treadmill test, the time (latency) that each
mouse spent on the rod as it rotated at 10 rpm in a 2-min
session, was monitored [19]. Three trials were conducted,
and the average number of seconds was recorded. In the
footprint analysis using the Digigait system, the stride
length of the fore and hindlimb was measured as long
as the twy mouse could walk with consistent weight-
supported forelimb steps, on a treadmill set at a speed
of 8 cm/s.
Gene expression analysis
After the in vivo MRI analysis, the twy mice were anes-
thetized and transcardially perfused with heparinized
saline (5 U/ml). Dissected segments of the cervical
spinal cords were rapidly frozen and placed in TRIzol
(Invitrogen, CA, USA). The total RNA was isolated
using an RNeasy Mini Kit (Qiagen, Hilgen, Germany)
according to the manufacturer’s instructions. For the
microarray analysis, Cyanine-3 (Cy3)-labeled cRNA was
prepared from 100 ng of RNA using the One-Color
Low RNA Input Liner Amplification kit (Agilent, CA,
USA), followed by RNAeasy column purification (Qiagen).
Cy3-labeled cRNA (1.5 μg) was fragmented at 60°C for
30 minutes in a reaction volume of 50 μl containing the
Fragmentation Buffer and Blocking Agent included in the
kit (Agilent). On completion of the fragmentation reac-
tion, 50 μl of the HI-RPM Hybridization Buffer (Agilent)
was added to the fragmentation mixture, and the sam-
ples were hybridized to Agilent SurePrint G3 Mouse
GE 8 × 60 K Microarrays (G4852A, Agilent) for 17 hours
at 65°C in a rotating Agilent hybridization oven. After
hybridization, the microarrays were washed for 1 minute
at room temperature with GE Wash Buffer 1 (Agilent)















































































































































































S group M group 
* *
Figure 1 (See legend on next page.)
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Figure 1 Physical and histological differences between severely and mildly compressed spinal cord in tip-toe walking Yoshimura (twy)
mice. (A) Representative sagittal T2-weighted images of the severely compressed (S group) and mildly compressed (M group) spinal cords in twy
mice (6, 15, and 20 weeks of age). (B) Representative axial T2-weighted images of the S and M groups at 20 weeks of age. Magnetic resonance
imaging (MRI) of the S group (A, B) showed clear cervical spinal cord compression resulting from C2/3 ligamentous calcification (*). (C) The canal
stenosis ratio of the S group was significantly higher than that of the M group (n = 8 mice per group). ***P <0.001. (D) Body weight in each group
(n = 8 mice per group). *P <0.05. (E, F) Motor functional analyses: Latency on the rotating rod and stride length in each group (n = 8 mice per
group). *P <0.05. (G) Representative HE-stained axial images of the S and M groups in twy mice. Scale bar: 500 μm. (H) Quantitative analysis of
the spinal cord area in the S and M groups (n = 4 mice per group). ***P <0.001.
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ately after being washed, the slides were scanned on a
DNA Microarray Scanner (G2565CA, Agilent) using the
one color scan setting for 8 × 60 K array slides. The
scanned images were analyzed with the Feature Extraction
Software v10.7.3.1 (Agilent) using default parameters to
obtain background-subtracted and spatially detrended
Processed Signal intensities.
For the clustering analysis, the normalized data were
narrowed down by the cut-off values of each expression
signal (>50) and fold change (>1.5, for the signal of se-
verely compressed spinal cords versus the signal of mildly
compressed spinal cords). The heat map was visualized by
Gene Spring GX12 (Agilent). Pathway enrichment analysis
was performed for the genes that showed differences on














































Figure 2 Microarray analysis between severely and mildly compresse
(left panel) of 215 genes that differed significantly between the S and M gr
red, and downregulated genes are green. Scale is shown at the bottom. Pa
the S and M groups.7900HT (Applied Biosystems, CA, USA) with TaqMan
probes (Applied Biosystems).Histological analysis
Twy mice were anesthetized and transcardially perfused
with 4% paraformaldehyde in 0.1 M PBS. The spinal
cord and spinal canal were removed and immersed in
Decalcifying Solution B (Dako, Glostrup, Denmark) for
three days. These samples were then embedded in OCT
compound (Sakura Finetechnical Co., Ltd., Tokyo, Japan)
and sectioned in the axial plane at 20 μm on a cryostat
(Leica CM3050 S, Wetzlar, Germany). The spinal cords and
spinal canals were histologically evaluated by Hematoxylin-
eosin (HE) staining and immunohistochemistry. The tissue





ce and Autophagy 
sis and Regulation 
 signaling pathway 
 signaling pathway 
crophage markers 
riched Pathway Analysis Terms
-log10(P-value)




e a d Autophagy 




d spinal cord in tip-toe walking Yoshimura (twy) mice. Heat map
oups (n = 8 mice per group). Upregulated genes in the S group are





























































































































































































S group M group 
Figure 3 (See legend on next page.)
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Figure 3 M1 macrophages were the dominant activated macrophage phenotype in the severely compressed spinal cord. (A, B) Fold
change of the mRNAs for TNFα and CD86 (M1 macrophage markers), and for arginase1 and CD163 (M2 macrophage markers), determined by
RT-PCR (n = 4 mice per group). **P <0.01, *P <0.05. (C) Representative magnified images of CD86/Iba-1 double-positive cells (arrowheads) in the
S and M groups. Scale bar: 20 μm. (D) Quantitative analysis of the number of CD86/Iba-1 double-positive cells per field of view. **P <0.01.
(E) Representative magnified image of arginase1 (Arg1)/Iba-1 double-positive cells in the S and M groups. Scale bar: 20 μm. (F) There was no
significant difference in the Arg1/Iba-1 double-positive cells (arrowheads) between the S and M groups.
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anti-CD86 (rat IgG, 1:200, Abcam, Cambridge, UK),
anti-arginase-1 (goat IgG, 1:200, Santa Cruz Biotechnology,
CA, USA), anti-Cyr61 (rabbit IgG, 1:200, Santa Cruz Bio-
technology), anti-C1q (goat IgG, 1:200, Santa Cruz Biotech-
nology), and anti-PSD95 (mouse IgG2a, 1:200, Millipore,
MA, USA). The samples were examined with an inverted
fluorescence microscope (BZ 9000; Keyence Co., Osaka,
Japan) and an LSM 700 confocal laser-scanning micro-
scope (Carl Zeiss, Munich, Germany). To quantify the
HE-stained and C1q-immunostained sections, images ob-
tained with the BZ9000 microscope were analyzed using
Keyence Analysis Software (Keyence Co.). Constant thresh-
old values were maintained for all the analyses. HE-stained
images were taken at C2/3 (the lesion epicenter) in axial
sections at × 20 magnification to measure the transverse
area of the spinal cord. The CD86/Iba1-, Arg-1/Iba1-, and
Cyr61-stained images were automatically captured at the
compressed spinal cord area in axial sections at × 200 mag-
nification, and the CD86/Iba1- and Arg-1/Iba1-positive












































Figure 4 Upregulation of Cyr61 in the severely compressed spinal cord. (A
**P <0.01. (B, C) Cyr61-positive cells were located at the compressed area and hiImmuno-electron microscopy
Cryosections of severely compressed twy mouse spinal
cord (20 μm) were incubated with 5% block ace (DS
Pharma Biomedical., Osaka, Japan), 0.1% Saponin in
0.1 M phosphate buffer for 1 h. Sections were immuno-
stained with a primary rabbit anti-Iba antibody (1:100
Wako) for 72 h, and nanogold-conjugated anti-rabbit sec-
ondary antibody (1:100 Invitrogen) for 24 h at 4°C. After
fixation in 2.5% glutaraldehyde, the nanogold signals were
enhanced with the HQ-Silver kit (Nanoprobes Inc.) for
10 minutes. The samples were post-fixed with 0.5% os-
mium tetroxide, dehydrated through ethanol, acetone, and
QY1, and embedded in Epon. Ultrathin (80 nm) sagittal
spinal cord sections were stained with uranyl acetate and
lead citrate for 10 and 12 minutes, respectively. The
sections were examined under a transmission electron
microscope (JEOL model 1230) and photographed using a
Digital Micrograph 3.3 (Gatan Inc., CA, USA).
Statistical analysis
All values are presented as the mean ± standard error of
the mean (s.e.m.). An unpaired two-tailed Student’s t-test-old twy mouse




) Fold change of the Cyr61 mRNA by RT-PCR (n= 4 mice per group).
ghly colocalized with reactive astrocytes. Scale bar: 500 μm (B), 20 μm (C).
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the behavioral, transcriptome, histological findings of each
group. For all statistical analyses, significance was defined
as P <0.05. GraphPad Prism software (version 5.0d) was
used for the analyses (GraphPad Software, Inc., CA, USA).
Results
High-resolution MRI was performed when the mice were
6, 15, and 20 weeks old, as reported previously (Figure 1A)
[10]. In the twy mice, spinal cord compression progressed
at the C2/3 level due to ligamentous calcification. Twenty
twy mice were divided into two groups according to the
MRI findings: a severe compression group (n = 8, S group)
and a mild compression group (n = 8, M group). The canal
stenosis ratio was higher than 45% in the S group (average,
57.1%) and less than 25% in the M group (average, 11.1%)
(Figure 1B and 1C). The other four twy mice were ex-
cluded from the analysis because they had moderate com-
pression and could not be assigned to either group. The
body weight was significantly lower in the S group than
the M group (Figure 1D), and both the Rotarod treadmill
latency and stride length were significantly decreased in
the S group compared to the M group (Figure 1E and 1F).
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Figure 5 Upregulation of the complement classical pathway in the se
C1qc mRNAs determined by microarray analysis (n = 8 mice per group). **P
the S and M groups. Scale bar: 50 μm. (C) Quantitative analysis of the C1q-axial sections in the S group was significantly smaller than
in the M group (Figure 1G and 1H).
To investigate the pathophysiology of the compressed
spinal cord in detail, microarray analysis was performed
for the S and M groups (Figure 2), as previously described
[20]. This analysis revealed that the expression levels of
215 genes were significantly different between the S group
and the M group; 205 genes showed increased expression
in the S group, and 10 showed decreased expression. Path-
way analysis revealed that the genes expressed at higher
levels in the S group were enriched for terms related to
macrophage markers, Toll-like receptor (TLR) signaling,
and chemokine signaling, which regulate inflammation and
gliosis in the injured spinal cord [21]. Furthermore, genes
related to prostaglandin synthesis and regulation and to oxi-
dative damage, which suggest ischemia of the compressed
spinal cord [22], were upregulated in the S group. On the
other hand, Neurogenin-2, which mainly regulates the dif-
ferentiation of dopaminergic neurons (‘dopaminergic neuro-
genesis’) [23], was downregulated in the S group. Autophagy
and apoptosis pathway components were also upregulated
in the S group, consistent with previous reports [11,24].
To evaluate the macrophage phenotype in the two
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verely compressed spinal cord. (A) Expression of C1qa, C1qb, and
<0.01, *P <0.05. (B) Representative images of the C1q-positive area in
positive area in the S and M groups (n = 4 mice per group). **P <0.01.
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TNFα and CD86, markers of the M1 phenotype, were sig-
nificantly increased in the S group compared to the M
group (Figure 3A), whereas there was no significant differ-
ence in the mRNAs for arginase1 or CD163, which indi-
cate the M2 phenotype (Figure 3B). Histological analyses
also showed that the number of double-positive cells for
CD86 and Iba1, a microglia/macrophage marker, per field
of view (FOV) (1 FOV= 100 × 100 μm2) was significantly
higher in the S than in the M group (Figure 3C and 3D),
whereas there was no significant difference in the number
of Iba1/arginase1-positive cells (Figure 3E and 3F).
M1 macrophages are recruited by chemotaxis in re-
sponse to cysteine-rich protein 61 (Cyr61) [25], which is
induced by mechanical stress [26,27]. We therefore exam-
ined the gene expression of Cyr61 in the cervical spinal
cord of the S and M groups. Cyr61 was significantly up-
regulated in the S compared to the M group (Figure 4A),




















Figure 6 Classical complement activation pathway-mediated synapse eli
magnified image of the Iba-1/C1q/PSD95 triple-positive area in the compresse
postsynaptic protein PSD95 (several examples are circled). Scale bar: 10 μm. (B)
extensive contact between presynaptic/postsynaptic elements and activated m
pre; presynapse, post; postsynapse, M; microglia/macrophage).area and colocalized extensively with reactive astrocytes
(Figure 4B and 4C).
To examine the mechanism of the neurodegeneration
associated with inflammation in the chronically com-
pressed spinal cord, we focused on the complement
activation classical pathway (Figure 2). Previous reports
suggested that at the early stage of neurodegenerative dis-
eases and normal aging, C1q plays an important role in
the pathophysiological process that leads to synapse loss
and ultimately to neuronal death [28-31]. Our microarray
analysis showed that the C1qa, C1qb, and C1qc expres-
sion levels were significantly higher in the S than the M
group (Figure 5A). The area of punctate C1q staining
was also significantly greater in the S than the M group
(Figure 5B and 5C). Interestingly, many of the C1q-
positive puncta that were close to microglia/macrophages
in the compressed spinal cord were associated with synap-
tic puncta identified by double immunostaining with
synaptic markers such as PSD-95 (Figure 6A). To confirminal cord area
C1q PSD95





mination in the severely compressed spinal cord. (A) Representative
d spinal cord. Many C1q-positive puncta were colocalized with the
Electron microscopic image of the compressed spinal cord, showing
icroglia/macrophage processes. Scale bar: 0.2 μm. (arrowhead; synapse,
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macrophages and synaptic structures, immune-electron
microscopic examination was performed. Consistent
with the confocal imaging, this analysis showed that the
microglia/macrophages made direct contact with both
presynaptic and postsynaptic structures (Figure 6B).
These observations indicated that classically activated
microglia/macrophages had migrated to the compressed
spinal cord and eliminated synaptic terminals.
Discussion
In the present study, we showed that severe chronic pro-
gressive spinal cord compression in twy mice caused more
body weight loss and neurological deficits in motor func-
tion than milder spinal cord progression. Furthermore, M1
macrophage-dominant inflammation was present in mice
with a severely compressed spinal cord. In agreement,
Cyr61, an inducer of M1 macrophages, was also markedly
upregulated in these spinal cords. Furthermore, immuno-
staining and electron microscopic analyses indicated that
the inflammatory C1q complement cascade eliminated
synapse formation, resulting in neurodegeneration.
Macrophages are typically divided into classically acti-
vated (M1) and alternatively activated (M2) macrophages
[32]. M1 macrophages, activated via TLRs, produce proin-
flammatory cytokines and oxidative metabolites [33]. Here
we found that the M1 macrophage and TLR signals were
activated in the chronically compressed spinal cord. These
results were consistent with the distribution of M1 macro-
phages in traumatic spinal cord injury that continues even
during the chronic phase [34,35]. The shift to M1 macro-
phages, which have deleterious and cytotoxic effects [36],
may represent the main pathology of the neurodegenera-
tion that accompanies chronic spinal cord compression.
Although the extracellular matrix has been classically
viewed as an inert scaffold, recent studies have revealed
that it influences diverse aspects of cellular behavior and
function [37]. Cyr61 is a matricellular protein that is highly
expressed at sites of inflammation, where its ability to
regulate gene expression in macrophages plays an im-
portant role [25,38]. In addition, various mechanical
stresses induce Cyr61 expression in cartilage/bone
tissues and periodontal ligaments [26,39]. Our present
data indicated that Cyr61 is significantly upregulated in
the chronically, severely compressed spinal cord and
colocalizes extensively with reactive astrocytes. These
findings suggest that Cyr61 engages in a distinct intra-
cellular signaling cascade in microglia/macrophages
and promotes M1 macrophage recruitment in the com-
pressed spinal cord.
Microglia/macrophages were recently identified as the
phagocytes responsible for eliminating tagged synapses, via
classical complement signaling [40], and the complement
cascade is strongly induced in the brain tissues of patientswith various neurodegenerative diseases [41]. Interestingly,
in a mouse model of glaucoma, a relatively common neuro-
degenerative disease related to high intraocular pressure,
the classical complement pathway is upregulated long
before retinal ganglion cell death occurs [28]. Yet another
study suggested that initiation of the classical complement
pathway via C1q is detrimental to recovery after spinal cord
injury [42]. The present microarray and immunohisto-
chemical analyses showed that the classical complement
pathway via C1q was significantly upregulated in the
severely compressed spinal cord. Our findings raise the in-
triguing possibility that Clq may also be involved in synapse
elimination in the chronically compressed spinal cord.
Future studies should examine whether the inhibition of
C1q in animal models of chronic spinal cord compression
hinders the associated neurodegenerative changes.
Previous studies on the surgical outcomes of CCM
patients demonstrated that the postoperative recovery was
poor in those with severe canal stenosis, because irrevers-
ible changes had occurred in the spinal cord [5]. Recent
studies have revealed that neural stem cell therapy can be
an effective treatment for previously incurable nervous
system disorders, such as spinal cord injury [43-47]. There-
fore, an appropriate stem cell treatment for CCM should
be examined in future studies.
To our knowledge, these data are the first to document
the detailed pathophysiology of the inflammatory response
in an animal model of chronic spinal cord compression.
The clinical implications are noteworthy, because manipu-
lation of the classical complement cascade in the chronic-
ally compressed spinal cord could be a strategy for
minimizing synapse loss and secondary neurodegeneration
due to inflammation. We believe that our findings are valu-
able for future research on the alterations taking place in
the inflammatory environment in CCM.
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